Silicene monolayers grown on Ag(111) surfaces demonstrate a band gap that is tunable by oxygen adatoms from semimetallic to semiconducting type. By using low-temperature scanning tunneling microscopy, it is found that the adsorption configurations and amounts of oxygen adatoms on the silicene surface are critical for band-gap engineering, which is dominated by different buckled structures in √13×√13, 4×4, and 2√3×2√3 silicene layers. The Si-O-Si bonds
Silicene, a new allotrope of silicon in a two-dimensional honeycomb structure, has attracted intensive research interest due to its novel physical and chemical properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Theoretically, strong spin-orbit coupling is predicted in silicene, which may allow a spin-orbit band gap of 1.55 meV at the Dirac point and results in a detectable quantum spin Hall effect (QSHE). [9] [10] [11] [12] [13] The electronic π-and π*-bands derived from the Si p z orbital disperse linearly to cross at the Fermi level (E F ), leading to massless Dirac fermion behaviour of electrons. [12] [13] Electrons in silicene thus have a large Fermi velocity, which has been recently verified by pronounced quasiparticle interference patterns observed by scanning tunneling microscopy (STM). 12 In addition, excellent scalability and compatibility with current silicon-based nanotechnology make silicene a promising candidate for the design of novel electronic components and interconnects at the nanometer scale.
14 Despite its remarkable properties, the intrinsic zero band gap in silicene hinders its applications in electronic devices which require controllable conductivities through logic gates.
Therefore, tuning the band gap in silicene is highly desirable. Conventionally, chemical doping, selective functionalization, and the introduction of defects are regarded as effective approaches to modulate band structures in two-dimensional (2D) zero-gap materials, as demonstrated in graphene. These approaches can only be associated with edges or surface defects, however, because the carbon atoms located within the plane are relatively chemically inert due to the sp 2 hybridization of carbon, while those located at the edges or at defects are more reactive, which limits the functionality of graphene. 15 Unlike carbon atoms in graphene, silicon atoms tend to adopt sp 3 hybridization over sp 2 in silicene, which makes it highly chemically active on the surface and allows its electronic states to be easily tuned by chemical functionalization. 16, 17 Oxygen is one of the feasible species for chemical functionalization, as oxygen atoms are 4 capable of breaking the symmetry so as to alter the electronic structure, such as with the energygap opening at E F in 2D materials. 15 Controllable oxidation is therefore expected to be of significance for modulating electronic states in silicene. It not only provides an opportunity for making various electronic structures in silicene, but also offers the possibility of exploring socalled "silicene oxide" which can be readily used in silicene-based electronic devices, such as in gate oxides. Moreover, oxidation of silicene layers is expected to be one of the major steps towards effective introduction of oxygenated functional groups into the Si network, which will further promote silicene functionalizations for various application purposes. Nevertheless, the high chemical reactivity of silicene prevents controllable oxidation by conventional chemical routes, such as the solvent-casting method, thus obstructing progress in such research.
In this work, we report a study of band-gap tuning in different silicene buckling structures by controllable oxidation processes, using scanning tunneling microscopy and in-situ Raman spectroscopy. The correlation between buckled silicene structures and oxygen adatoms is identified with the aid of density functional theory (DFT) calculations. We show that the detailed bonding configurations of oxygen adatoms on the silicene surface rely on the buckling structures.
The oxygen adatoms can effectively tune the band gap, which results in gap opening. It is found that silicene possibly retains its honeycomb structure even when its surface is fully covered by oxygen adatoms. In addition, the surface of silicene exhibits much higher chemical reactivity as compared to the edge, which is very different from the case of graphene.
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RESULTS AND DISCUSSION
Epitaxial silicene monolayers exhibit different reconstructions on the Ag(111) surface, which can be controlled by the substrate temperature during deposition. and 4×4 structures always coexist when the substrate temperature is between 450 K and 520 K during deposition, as shown in Figure 1 (a). When the substrate temperature is further increased to 550 K, the pure 2√3×2√3 silicene structure can be attained [ Figure 1(b) ]. High-resolution STM images for each structure are shown in Figure 1(c-e) . All silicene structures demonstrate distinctive buckled forms that can be distinguished by contrast in the images. In this work, the topmost Si atoms in a buckled structure are defined as the "top-layer" (TL) and the other atomic layers are defined as "bottom-layer" (BL). Unlike the sp 2 hybridization for carbon in graphene, silicon atoms exhibit an energetically stable sp 3 hybridization, which is responsible for these low-buckled structures. 26 On the Ag(111) surface, various buckling structures of silicene, which exist due to variations in mismatch and interaction between silicene superstructures and the substrate, are shown in Figure 1 and 2√3×2√3 structures, respectively. TL Si atoms are expected to be highly active in epitaxial silicene on Ag(111), since they are unsaturated atoms, which might be due to the dehybridization 6 effect. 16 BL Si atoms, in contrast, are relatively more stable, as they are passivated by the free electrons from the substrate. The surface chemical reactivity of silicene is, therefore, dominated by the buckled structures because the numbers of TL Si atoms in these three structures are different, e.g. the √13×√13 structure has fewer TL Si atoms than the 4×4 and 2√3×2√3 structures. ) next to the silicene signature E 2g peak. The position and broadness of this peak are associated with the Si-O bonds due to Si sp 3 hybridization. 25, 26 By increasing the oxygen dose, the intensity of the shoulder peak is enhanced in all the silicene structures. Therefore, we conclude that these bright protrusions are oxygen adatoms adsorbed on the silicene surface. Oxygen adatoms on √13×√13 and 2√3×2√3 silicene layers appear to be higher than those in Figure 3 (e-g). The adsorption energy, E ads , for an oxygen adatom on silicene is defined as
where E tot is the total energy of entire system of Ag (111) According to a previous DFT simulations, 20 under low oxygen doses. By varying the oxygen dose, we found that the band gaps are indeed tunable and dominated by the coverage of oxygen adatoms. In contrast to graphene, 21 it is found that oxygen adatoms prefer to be accommodated at the surface of silicene rather than the edge, which is most likely because the dangling bonds on edge Si atoms are passivated by the Ag (111) surface.
Recent studies have claimed that silicene can only be oxidized at a high oxygen dose of 1000 L. 18 It is still unclear, however, how oxygen adatoms associate with silicene layers, especially with respect to their structure before the start of oxidation, which is critical for further chemical functionalization. Figure 5 shows STM results on silicene exposed to different oxygen doses, i.e.
10 L, 60 L, and 600 L, respectively. It is found that the surface of silicene in the 2√3×2√3 structure is fully covered by oxygen adatoms at the oxygen dose of 60 L [ Figure 5 (b)] and exhibits an amorphous-like disordered feature instead of a distinct structure. The insets in Figure   5 show the corresponding fast Fourier transform (FFT) patterns for each sample. Interestingly, clear FFT patterns with bright symmetric spots were observed for 2√3×2√3 silicene exposed to 11 10 L and 60 L O 2 , indicating that partially oxidized silicene retains the hexagonal honeycomb structure. Nevertheless, the FFT pattern shows a typical amorphous feature, indicating the full oxidation of 2√3×2√3 silicene phase when the oxygen dose was increased to 600 L. Moreover, it is worth noting that some areas of bare Ag(111) substrate were observed in the fully oxidized silicene, which has not been reported in either experimental or theoretical works before. The evolution of such "silicene-free" areas can be explained by comparing the binding energies of AgO and SiO 2 . The binding energy between the epitaxial silicene layer and the Ag(111) surface is about 0.7 eV, 22 which is much smaller than the binding energy for Si-O (between 4.0 and 12.0 eV). 23 The oxygen thus tends to bond firstly with the Si atoms in the silicene instead of the Ag atoms in the substrate. Moreover, the energy required for the oxygen adsorption on Ag(111) is much higher than on the Si surface with dangling bonds, and therefore, bare Ag(111) surface rather than silver oxide appears in the fully oxidized silicene sample. 22, 28 Due to the characteristic sp 3 hybridization of Si, energetically stable Si-O-Si bonds would be expected when silicene is exposed to a high oxygen dose (600 L). The electron-ion interactions were represented by projector augmented wave (PAW) potentials. 30 
CONCLUSION
13
The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was adopted to describe the exchange-correlation interaction. 31 
